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Two-dimensional (2D) materials with nodal-loop band crossing have been attracting great research
interest. However, it remains a challenge to find 2D nodal loops that are robust against spin-orbit
coupling (SOC) and realized in magnetic states. Here, based on first-principles calculations and
theoretical analysis, we predict that monolayer MnN is a 2D nodal-loop half metal with fully spin
polarized nodal loops. We show that monolayer MnN has a ferromagnetic ground state with out-
of-plane magnetization. Its band structure shows half metallicity with three low-energy bands
belonging to the same spin channel. The crossing between these bands forms two concentric nodal
loops centered around the Γ point near the Fermi level. Remarkably, the nodal loops and their spin
polarization are robust under SOC, due to the protection of a mirror symmetry. We construct an
effective model to characterize the fully polarized emergent nodal-loop fermions. We also find that
a uniaxial strain can induce a loop transformation from a localized single loop circling around Γ to
a pair of extended loops penetrating the Brillouin zone.
I. INTRODUCTION
Two-dimensional (2D) materials have been attracting
tremendous interest since the discovery of graphene [1–
4]. Many remarkable physical properties of graphene are
connect to its topological band structure, namely, the
conduction and valence bands of graphene linearly cross
at two isolated Fermi points in the Brillouin zone (BZ),
which makes the low-energy electrons resemble 2D mass-
less Dirac fermions [5]. With the rapid advance in exper-
imental techniques, many new 2D materials have been
fabricated in recent years [2–4], and inspired by graphene,
there is great interest to explore 2D materials with non-
trivial band topology.
In 2D, topological band crossings can take the form of
0D nodal points and also 1D nodal loops. Several 2D
nodal-loop materials have been proposed in theory [6–
10], and nodal loops in monolayer Cu2Si and monolayer
CuSe have been confirmed in recent experiments [11, 12].
Compared to nodal points, the condition for stabilizing
nodal loops in 2D is typically more stringent.
Two factors related to electron spin play important
roles in the stability of nodal loops. The first is the spin-
orbit coupling (SOC). Without SOC, spin is a dummy
degree of freedom (for nonmagnetic systems), which only
introduces a trivial double degeneracy, and the electrons
can be regarded as spinless fermions when analyzing the
symmetry/topology protection. However, when SOC is
included, spin has to be explicitly considered. Partic-
ularly, the symmetry groups for electronic states need
to be described by double valued representations rather
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than single valued ones. Because the number of dou-
ble valued representations for a group is generally less
than their single valued counterparts, a band crossing
protected in the absence of SOC is usually destroyed
when SOC is turned on. For example, the Dirac points
in graphene and most other 2D materials are unstable
under SOC [13]. To have a real Dirac point in 2D, a con-
dition involving certain nonsymmorphic symmetries was
proposed [14], and such spin-orbit Dirac point was re-
cently found in monolayer HfGeTe family materials [15].
Similarly, most nodal loops in 2D proposed so far are
vulnerable against SOC. For example, the nodal loops in
monolayer Cu2Si and monolayer CuSe are protected by
mirror symmetry in the absence of SOC, but they are
removed when SOC is included [11, 12]. Hence, to find
a 2D material with nodal loop robust against SOC is a
much more difficult task.
The second factor is the spin polarization associated
with magnetic ordering. 2D magnetic materials with
high spin polarization are much desired also from the
application perspective, because these materials are use-
ful for compact spintronic devices. Nevertheless, mag-
netic orders break the time reversal symmetry, which also
makes the protection of nodal loops more challenging,
especially in the presence of SOC. A few 2D magnetic
nodal-loop materials were reported till now, including
Na2CrBi trilayer [16], monolayer CrAs2 [17], and single-
layer GdAg2 [18]. However, in these examples, both spin-
up and spin-down states coexist near the Fermi level,
which decreases the net spin polarization for the current
carriers. It is thus most desirable to have nodal loops
formed in a single spin channel around the Fermi level,
i.e., to realize a nodal-loop half metal state. In 3D, such
a state was recently predicted for Li3(FeO3)2 [19], which
hosts two fully spin-polarized nodal loops. In 2D, such a
nodal-loop half metal has yet to be discovered.
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2In this work, based on first-principles calculations, we
reveal monolayer MnN as the first example of a 2D nodal-
loop half metal, with fully spin-polarized nodal loops ro-
bust against SOC. A previous work by Xu and Zhu [20]
has demonstrated that monolayer MnN enjoys good dy-
namic and thermal stability, and it has a rigid ferro-
magnetic ordering. Here, we show that the electronic
band structure of monolayer MnN features two fully spin-
polarized nodal loops near the Fermi level. The two loops
are centered around the Γ point, protected by a mirror
symmetry, and more importantly, robust against SOC.
We construct an effective model to describe the low-
energy electronic states around the nodal loops. Further-
more, we find that moderate uniaxial strain can trans-
form the outer nodal loop into two nodal loops both
traversing the BZ. This corresponds to a transition in
the loop winding topology, characterized by a Z2 index.
Our work reveals a promising material platform for ex-
ploring the fundamental physics of fully spin-polarized
2D nodal-loop fermions, which also holds great potential
for nanoscale spintronics applications.
II. COMPUTATIONAL METHOD
Our first-principles calculations were based on the den-
sity functional theory (DFT), as implemented in the Vi-
enna ab-initio simulation package (VASP) [21, 22]. The
interaction between electrons and ions was modeled using
the projector augmented wave method [23]. The gener-
alized gradient approximation (GGA) parameterized by
Perdew, Burke, and Ernzerhof (PBE) was adopted for the
exchange-correlation functional [24]. To account for the
important correlation effect associated with the Mn-3d
orbitals, we included the Hubbard U correction via the
PBE+U method [25]. Several Hubbard U values were
tested, which showed qualitatively similar results. Be-
low, we shall present the results with the U value set as
5 eV. A vacuum space of 20 A˚ thickness was used to avoid
artificial interactions between periodic images. The en-
ergy cutoff was set to be 520 eV for the plane-wave basis.
The Monkhorst-Pack k-mesh [26] with size 25×25×1 was
adopted for the BZ sampling. The lattice parameters and
the ionic positions were fully optimized until the residual
force on each atom was less than 0.005 eV/A˚. The energy
convergence criterion was set to be 10−6 eV.
III. STRUCTURE AND ELASTIC PROPERTY
The lattice structure for monolayer MnN is shown in
Fig. 1(a) and 1(b). The material is completely flat with
a single atomic layer like graphene. It takes a 2D hon-
eycomb lattice, with Mn and N occupying the A and B
sites respectively. The space group is P 6¯m2, and the
point group is D3h. The important symmetry here is the
horizontal mirrorMz, which will play an important role
when discussing the band structure. A primitive unit cell
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FIG. 1: (a) Top and (b) side view of the lattice structure for
monolayer MnN. The green shaded region in (a) indicates the
primitive unit cell. a is the lattice parameter. (b) also shows
the spin polarization distribution. The yellow color indicates
a net spin-up polarization. (c) Brillouin zone for monolayer
MnN. (d) Calculated phonon spectrum. A 6 × 6 supercell is
used in the calculation.
contains one Mn atom and one N atom. From our calcu-
lation, the equilibrium lattice constant is 3.388 A˚ for the
fully relaxed structure, which is in good agreement with
the previous work [20]. The obtained equilibrium Mn-N
bond length is 1.956 A˚.
The dynamical stability of monolayer MnN can be in-
ferred from its phonon spectrum. As shown in Fig. 1(d),
there is no imaginary frequency phonon mode through-
out the BZ, indicating that the material is dynamically
stable. Approaching the Γ point, there are two linearly
dispersing in-plane acoustic branches, and there is also
a quadratic out-of-plane acoustic (ZA) branch. The ap-
pearance of the quadratic ZA branch is a characteristic
feature of 2D materials [27–29]. The sound speed for the
longitudinal acoustic phonons in monolayer MnN (∼ 7.1
km/s) is smaller than that of graphene (∼ 21.2 km/s) [30]
as well as blue phosphorene (∼ 8.1 km/s) [31], indicat-
ing that monolayer MnN should have relatively small in-
plane stiffness, as we show below.
Next we examine the elastic properties. The calcu-
lated strain-stress and strain-energy curves are plotted
in Fig. 2. One can observe that monolayer MnN can sus-
tain a large biaxial strain up to 20%, while the critical
uniaxial strain can be ∼ 18% for the armchair direction
and ∼ 20% for the zigzag direction. These values are
comparable to other 2D materials such as graphene [32],
MoS2 [33, 34], phosphorene [35], and C2N [36]. Mono-
layer MnN remains within the linear elastic regime un-
til about 5% biaxial strain and 8% uniaxial strain. For
small deformations, the elastic property of 2D materials
is usually characterized by the in-plane stiffness constant,
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FIG. 2: (a) Strain-stress relation for monolayer MnN with
different types of strain. (b) Strain energy (Es) as a function
of applied strain.
defined as
C =
1
S0
∂2Es
∂ε2
, (1)
where S0 is the equilibrium area of the unit cell, Es
is the strain energy (i.e., the energy difference between
the strained and unstrained systems), and ε is the in-
plane uniaxial strain. From the stain-energy curve in
Fig. 2(b), the typical quadratic dependence can be ob-
served at small deformations. The obtained stiffness con-
stants are 65 N/m and 62 N/m for strains along the arm-
chair and the zigzag directions, respectively. These val-
ues are smaller than other typical 2D materials such as
graphene (∼ 340±40 N/m) [32], MoS2 (∼ 120 N/m) [37],
and BN (∼ 267 N/m) [38], and are similar to C2N (∼ 71
N/m) [36] and Mg2C (∼ 60 N/m) [39]. This indicates
that monolayer MnN is quite flexible, which will facili-
tate the strain engineering of its physical properties.
IV. MAGNETIC PROPERTY
The 3d transition metal elements like Mn often carry
magnetic moments due to their partially filled 3d shell.
The materials containing Mn hence often exhibit mag-
netic ordering, which is the case for monolayer MnN. In
our calculation, we compare the energies of different mag-
netic configurations: nonmagnetic (NM), ferromagnetic
(FM), and antiferromagnetic (AFM), to determine the
ground state of monolayer MnN. It is found that the FM
state is energetically favored, while the NM sate and the
AFM state are respectively 4.68 and 0.39 eV higher than
the FM state per unit cell. In the FM state, the mag-
netic moment is mainly distributed on the Mn sites [see
Fig. 1(b)], with ∼ 3.99µB per Mn atom.
To pin down the easy axis for the FM state, the mag-
netic anisotropy energy calculation was performed by
scanning different orientations for the magnetic moment
with SOC included. The result shows that the out-of-
plane (along z) configuration is most energetically favor-
able, which is about 0.4 meV lower in energy than the
in-plane configuration. Thus, the ground state magnetic
configuration for monolayer MnN is an FM state with
magnetization along the out-of-plane z direction.
We have also estimated the Curie temperature TC for
the FM state, by using the Monte Carlo simulation based
on a classical Heisenberg-like spin model [40]:
H = −J
∑
〈i,j〉
Si · Sj −K
∑
i
(Siz)
2, (2)
where superscripts i and j label the Mn sites, 〈i, j〉
indicates nearest neighboring sites, J is the FM ex-
change coupling strength, and K represents the magnetic
anisotropy strength. The calculated Curie temperature
for monolayer MnN is around 200 K, which is comparable
with other 2D ferromagnetic materials discovered to date,
such as Cr2Ge2Te6 atomic layers (∼66 K) [41], transition
metal halides (23-128 K) [42, 43], and Fe3GeTe2 (∼130
K) [44].
V. 2D NODAL-LOOP HALF METAL
The most interesting property of monolayer MnN lies
in its electronic band structure. Let’s first examine
the band structure in the absence of SOC, as shown in
Fig. 3(a). Two salient features can be observed. First,
the ground state of monolayer MnN is a half metal. The
bands for majority spin (denoted as spin up) display a
metallic behavior, whereas the bands for minority spin
(denoted as spin down) have a large energy gap about
4.5 eV. The low-energy electrons near the Fermi level
are therefore fully spin polarized. Second, several linear
band crossings are observed for the majority spin bands
close to the Fermi level. Among these low-energy bands,
one is electron-like (labeled as γ band) and the other two
are hole-like (labeled as α and β bands). From orbital
projections in Fig. 3(b), we find that the α and β bands
are mainly contributed by the Mn (dxy, dx2−y2) orbitals,
while the γ band is mainly from the N pz orbital. The
band crossings occur between the γ band and the other
two bands. A careful scan of the band structure shows
that these crossing points are not isolated, instead, they
actually belong to two concentric nodal loops centered
around the Γ point, as shown in Fig. 3(e) and 3(f). We
label the outer loop and the inner loop as L1 and L2,
respectively.
Remarkably, the two nodal loops persist when SOC is
turned on. Figure 3(c) shows the band structure with
SOC included. The result is similar to that in Fig. 3(a).
To show that the nodal loops are indeed preserved un-
der SOC, we artificially increase the SOC strength by
20 times in the DFT calculation, and plot the result-
ing band structure in Fig. 3(d). It clearly shows that
the crossings are robust against SOC. What protects the
nodal loops? By analyzing the symmetry properties of
the three bands, we find that the two loops are protected
by the mirror symmetry Mz. Because the ground state
magnetization is along the out-of-plane z direction,Mz is
preserved in the FM state. The two hole-like bands α and
β have the Mz eigenvalue +i, whereas the electron-like
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FIG. 3: (a) Calculated electronic band structure for mono-
layer MnN in the absence of SOC. (b) shows the projection
of the bands in (a) onto atomic orbitals, including N px/py
orbital (blue), N pz orbital (red), Mn dxy orbital (yellow),
and Mn dx2−y2 orbital (green). (c) Calculated band struc-
ture with SOC. (d) Band structure with SOC artificially en-
hanced by 20 times in the calculation. (e) and (f) show the
shapes of the two nodal loops obtained by DFT calculation.
The color map indicates the local gap between two crossing
bands. In figures (a), (c), and (d), the red and blue colors
indicate bands with fully polarized spin-up and spin-down
states, respectively, showing that the two loops are fully spin
polarized.
band γ has the opposite Mz eigenvalue −i. Therefore,
γ band must cross α and β bands without hybridization,
and the resulting two loops are protected as long as the
mirror symmetry is maintained. Furthermore, because
of the Mz symmetry, the eigenstates must be spin po-
larized along z, i.e., the spin-up and spin-down bands do
not hybridize and each band remains fully spin polarized.
Thus, monolayer MnN indeed provides a 2D nodal-loop
half metal with fully spin-polarized nodal loops robust
under SOC.
A nodal loop can be classified as type-I, type-II [45],
or hybrid type [45, 46], based on the type of dispersion
around the loop. A type-I (type-II) nodal loop consists
solely of type-I (type-II) nodal points, while a hybrid
loop consists of both types [45, 46]. The two nodal loops
in monolayer MnN belong to type-I, because they each
is formed by the crossing between an electron-like band
and a hole-like band.
To characterize the emergent nodal-loop fermions, we
construct an effective k ·p model for the low-energy band
structure. We choose the three states at the Γ point as
the basis. We first consider the case without SOC. The
state of the α band corresponds to the A′′2 irreducible
representation for the D3h point group, while the two
degenerate states of β and γ bands correspond to the E′
representation. The model should respect the following
symmetries: the threefold rotation C3z, the twofold ro-
tation C2x, and Mz. Expanding up to the k quadratic
order, we find that the effective Hamiltonian takes the
form of
H0(k) = M0 +Ak2x +Bk2y (B −A)kxky 0(B −A)kxky M0 +Bk2x +Ak2y 0
0 0 M1 + Ck
2
 ,
(3)
where Mi, A, B, and C are real valued parameters which
can be obtained from fitting the DFT band structure.
Note that the matrix element between the α (β) and γ
bands vanishes identically, because the two bands have
oppositeMz eigenvalues. Including SOC gives additional
contribution, which can be treated as a perturbation due
the relatively weak SOC strength. We find that the SOC
term expanded to leading order takes the following form
HSOC(k) =
 0 iD 0−iD 0 0
0 0 0
 , (4)
with some real valued parameter D. Obviously, the SOC
term does not affect the presence of the two nodal loops.
Its main effect is that the degeneracy for the E′ states is
lifted. This effective model fits the DFT band structure
very well (see the Supplemental Material [47]).
Breaking the mirror Mz would generally destroy the
nodal loops. This can be done, e.g., by artificially shifting
the Mn atoms along z relative to the N atoms, making a
buckled honeycomb lattice [see Fig. 4(a)], or by orienting
the magnetization direction in-plane. The corresponding
band structure results in Fig. 4(b-d) show that the two
loops are indeed gapped out when Mz is broken.
VI. STRAIN-INDUCED NODAL LOOP
TRANSFORMATION
As discussed before, monolayer MnN enjoys good flex-
ibility, hence its physical property should be readily tun-
able by strain. Here, we focus on the strain effect on the
nodal loops. Since the two loops are protected by the
horizontal mirror, they must be preserved under a vari-
ety of in-plane strains, such as the biaxial, uniaxial, and
shear strains. Nevertheless, the shape of the loop may
be changed by strain. For example, we consider the uni-
axial strain along the armchair direction. Our result in
Fig. 2(a) has shown that the critical strain is above 18%.
In Fig. 5(a), we show the band structure result for the
7% strain. One observes that while the loop L2 remains a
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FIG. 4: (a) shows a lattice distortion that breaks the horizon-
tal mirror reflection symmetry. Here, the monolayer shows
a buckling with the Mn atoms shifted up relative to the N
atoms. (b) Calculated band structure (including SOC) for
the distorted structure in (a) when the shift is 0.2 A˚. (c) and
(d) present the band structures (including SOC) for undis-
torted lattice but with magnetic moments oriented in-plane
along x and y directions, respectively.
closed circle around the Γ point, the crossing point on Γ-
M for loop L1 disappears, because the ordering between
α and γ bands at M is switched. Accordingly, the L1
loop is transformed from a localized loop circling around
Γ into two extended loops traversing the BZ, as shown
in Fig. 5(c).
This transformation corresponds to a change in the
loop winding topology defined on the BZ. In Ref. [45],
it has been shown that loops can be characterized by
its winding pattern in the BZ, captured by the funda-
mental homotopy group for the BZ. For 2D, the BZ is a
two-torus. Since pi1(T2) = Z× Z, the topology is char-
acterized by two integers, each standing for the number
of times the loop winds around the BZ in a particular
direction. For the current case, the original L1 without
strain is characterized by an index (0, 0), whereas the
two loops after transformation [in Fig. 5(c)] are charac-
terized by (0,±1). Their topological distinction can be
understood in the following way. The loop with index
(0, 0) can be continuously deformed into a point and an-
nihilate, whereas a single loop with index (0, 1) cannot.
Similar transformation was recently reported in the 2D
honeycomb borophene oxide [9]. The monolayer MnN of-
fers another platform for studying such interesting nodal
loop transformation.
VII. DISCUSSION AND CONCLUSION
We have a few remarks before closing. First, the find-
ing reported here is significant, because it reveals the first
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FIG. 5: (a) Calculated band structure for monolayer MnN
with 7% uniaxial strain along the armchair direction. The
red and blue colors represent spin-up and spin-down bands,
respectively. (b) shows the corresponding Brillouin zone. (c)
and (d) show the shapes of the corresponding nodal loops
obtained from DFT calculation. L1 is transformed into two
extended loops traversing the Brillouin zone. The color map
indicates the local gap between two crossing bands.
example of a 2D nodal-loop half metal and the loops are
robust against SOC. Almost all the nodal loops in 2D
reported so far are not robust under SOC. 2D magnetic
nodal-loop materials are also very rare. It is very fortu-
nate that the nodal loop, its robustness against SOC, and
half metallicity can occur in the same material. Besides,
the material band structure has the following two addi-
tional advantages: (i) The low-energy bands for mono-
layer MnN are fairly simple and clean, without other ex-
traneous bands; and (ii) the linear dispersion range is
also quite large (> 1 eV).
Second, as the nodal loops here are protected by
symmetry, their existence is not sensitive to the first-
principles calculation methods. For example, we have
verified that qualitative features of the band structure re-
main the same when using the hybrid functional (HSE06)
approach. The result can be found in the Supplemental
Material [47].
Finally, we remark on several experimental aspects.
It has been suggested that monolayer MnN can be syn-
thesized by a spontaneous graphitic conversion from the
ultrathin (111)-oriented cubic MnN in experiment [48].
The bottom-up approaches such as the molecular beam
epitaxy (MBE) may also offer an alternative. It has
been demonstrated that 2D monolayer CuSe with similar
structure can be synthesized via the MBE approach with
methane on the Cu(111) substrate [49]. The method is
shown to be very versatile, and can be used as a gen-
eral strategy for fabricating other 2D materials. The
6nodal loops can be directly imaged by using the angle-
resolved photoemission spectroscopy (ARPES), as re-
cently demonstrated for monolayer Cu2Si and CuSe [11,
12]. The nodal loops may also produce features in the
quasiparticle interference pattern which can be probed by
the scanning tunneling microscopy experiment [50, 51].
Techniques for applying strain on 2D materials have been
well developed in recent years. For example, strain can
be applied by using a beam bending apparatus [52] or
by using an atomic force microscope tip [32]. By using
a stretchable substrate, controllable strains > 10% have
been demonstrated for graphene [53].
In conclusion, we have revealed monolayer MnN as a
2D nodal-loop half metal. We show that the material
has good stability, can sustain large strains, and has ex-
cellent flexibility. The material has a FM ground state
with an estimated Curie temperature about 200 K. Most
interestingly, its band structure shows a half metal and
features two concentric nodal loops near the Fermi level
in a single spin channel. These nodal loops are protected
by the mirror symmetry and are robust against SOC. We
construct an effective model to characterize the emergent
nodal-loop fermions. In addition, we find that a moder-
ate uniaxial strain can generate an interesting loop topol-
ogy transformation, from a single loop circling around Γ
to two loops traversing the BZ. Our work thus provides a
promising platform to investigate the intriguing proper-
ties of nodal-loop fermions with time-reversal breaking.
We hope that our theoretical work will facilitate the ex-
perimental studies on this new 2D material towards both
fundamental discoveries and potential spintronics appli-
cations.
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